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BASELINE  TESTS  OF  THE  GE-100  CENTENNIAL 
ELECTRIC  PASSENGER  VEHICLE 

I.  SUMMARY 

The  GE-100  Centennial  Elect rie.  an  electric  vehicle  manufactured  by  General  Electric 
and  Triad  Services.  Inc.,  was  tested  under  the  direction  of  the  ll.S.  Army  Mobility  Equip¬ 
ment  Research  and  Development  Command  (MERADCOM)  from  4  June  to  20  June  and 
from  2  July  to  27  July  1079.  The  tests  are  part  of  a  Department  of  Energy  (DOE)  project 
to  access  advances  in  electric  vehicle  design.  This  report  presents  the  performance  lest 
results  on  the  GE-100  Centennial  Electric. 

The  GE-100  Centennial  Vehicle  is  a  one-of-a-kind  experimental  prototype.  The  concept 
was  developed  bv  GE  and  Triad  Services.  Inc.,  under  DOE  contract  EY-76-G-03-1294. 
phase  one  of  the  Near-Term  Electric  Vehicle  Program.  The  conceptual  study  explored 
electric  vehicle  performance  available  with  standard  production  components.  The  vehicle 
was  built  and  funded  by  General  Electric,  using  available  hardware,  i.e..  standard 
production  components.  It  is  flowered  by  eighteen  6-volt  lead-acid  traction  batteries 
driving  a  16.3-kW  (21.8-hp)  (3200-r/min)  motor  through  an  EV-1C  armature  chopper  and 
control.  All  items  are  1978  or  earlier  technology.  Front  brakes  are  inboard  Chevelle  w  ith 
copper  drums;  rear  brakes  are  Subaru  drums.  The  vehicle  did  not  employ  regenerative 
braking. 

The  vehicle  was  provided  by  General  Electric.  The  intent  of  testing  was  not  to  verify 
vehicle  performance,  as  this  prototype  is  not  a  candidate  for  the  DOE  demonstration 
programs.  However,  the  available  standard  production  components  used  in  this  vehicle 
will  he  used  in  prospective  vehicles.  The  testing  was  performed  to  expose  the  cleetric- 
hybrid-vehicle  (EHV)  community  to  the  results  available  with  1978  electrical  technology. 

The  results  of  the  tests  are  shown  in  Table  1. 
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Table  1.  Summary  of  lest  Results  for 


Date 

(July) 

Test  Speed 

or 

Driving  Pattern 

Range 

Number 

of 

Cycles 

Energy  Out 
of  Battery 

Battery 
Energy 
Economy  * 

E  nergy  Out  of  Charger 
Onto  Battery) 

Batt 

Effirii 

13 

40  km/h 
(25  mi/h) 

112km 
(70  mi) 

15.5  kWh 

.138™' 

km 

(“■£) 

27.8  kWh 

55.8 

18 

56  km/h 
(35  mi/h) 

96  km 
(60  mi) 

15.3  kWh 

.159  kWh 
km 

^255 

26.0  kWh 

56.3 

12 

80  km/h 
(50  mi/h) 

69  km 
(43  mi) 

- 

12.9  kWh 

.187  ™ 
km 

^300 

21.6  kWh 

59.79 

6 

SAE  J227a  B 

80  km 
(50  mi) 

227 

16.3  kWh 

.204  ™ 
km 

(“?) 

29.7  kWh 

54.991 

10 

SAK  J227aC 

67  km 
(42  mi) 

122 

14.4  kWh 

j  j  kWh 

km 

^343 

25.0  kWh 

57.691 

24 

SAE  J227a  D 

62  km 
(39  mi) 

42 

14.1  kWh 

2tj  kWh 
km 

(362  ™) 

\  mi  / 

20.5  kWh 

68.89 

Battery  Energy  Economy  -  Energy  out  of  battery  per  mile  of  range. 


lilts  for  GE  Centennial  Electric  Vehicle 


Battery 

Efficiency 

Energy 

into 

Charger 

Charger 

Efficiency 

Vehicle 

Energy 

Economy 

Wind 

Start  of  Test 

Wind 

End  of  Test 

Temperature 
Start  of  Test 

Temperature 
End  of  Test 

55.8% 

33  kWh 

84.3% 

.295  1^1' 
kin 

(.471  15*5  \ 

\  mi  / 

('aim 

South 

7.4  km/h 

(4.6  mi/h) 

23°C 
(74°  1) 

30°C' 

(86°  1) 

56.3% 

31  kWh 

83.4%. 

.5 1 7  hUL' 

km 

tr¥) 

Calm 

NW 

9.3  km/h 

(5.8  mi/h) 

26°  C 
<79°n 

27°C 

(81°F) 

59.7* 

: 

27  kWh 

80.2% 

391  kWh 
km 

^28^ 

C  aim 

Calm 

22°C 
(72° E) 

26°  C 
(78°l) 

54.9", 

37  kWh 

80.3%. 

.463 

km 

^740  ™!*  j 

Calm 

NW 

3.7  km/h 

(2.3  mi/h) 

16°C 
(61°l  > 

27  °C 
(80°  1) 

57.6% 

30  kWh 

83.3%- 

44g  kWh 

km 

^714™^ 

NW 

3.7  km/h 

(2.3  mi/h) 

South 

7.4  km/h 

(4.6  mi/h) 

26°C 
(78°  1) 

2S°C 
(77°  1) 

68.8% 

25  kWh 

82.0% 

407  kWI* 
km 

(Mlf) 

Calm 

SW 

4.8  km/h 

(3  mi/h) 

26°C 

(78°K) 

29°C 

(85°F) 

II.  INTRODUCTION 


The  vehiele  tested  and  the  data  presented  in  this  report  are  in  sup|x>rt  of  Puldie  Law 
94-413  enaeted  by  Congress  on  17  September  1976.  The  law  requires  the  Department  of 
Energy  (DOE)  to  develop  data  characterizing  the  state-of-the-art  with  respect  to  electric 
and  hybrid  vehicles.  The  data  so  developed  are  to  serve  as  a  baseline  to  compare  im¬ 
provements  in  electric-  and  hybrid-vehicle  technologies,  to  assist  in  establishing  perfor¬ 
mance  standards  for  electric  and  hybrid  vehicles,  and  to  help  guide  future  research  anil 
development  activities. 

The  U.S.  Army  Mobility  Equipment  Research  and  Development  Command  (MERAD- 
COM)  under  the  direction  of  the  Electric  and  Hybrid  Research,  Development,  and 
Demonstration  Office;  Division  of  Transportation  Energy  Conservation;  DOE.  has  con¬ 
ducted  track  tests  of  electric  vehicles  to  measure  their  performance  characteristics  and 
vehicle  component  efficiencies.  The  tests  were  conducted  using  a  DOE  test  procedure 
“ERDA-EHV-TEP,”  described  in  Appendix  A  of  MERADCOM  Report  2244.'  This  pro¬ 
cedure  uses  the  “Electric  Vehicle  Test  Procedure  SAE  J227a,"  revised  February  1976. 
U.S.  customary  units  were  used  in  the  collection  and  reduction  of  data.  The  units  were 
converted  to  the  International  System  of  Units  for  presentation  in  this  report.  U.S. 
customary  units  arc  presented  in  parentheses.  Number  values  are  truncated  to  reflect 
nominal  values  except  where  precision  is  required.  Conversion  factors  are  shown  in 
Table  2. 

The  assistance  and  cooperation  of  General  Electric  industrial  Control  Division  and 
Corporate  Research  and  Development  were  greatly  appreciated.  The  Department  of 
Energy  supplied  funding  support  and  guidance  during  this  project. 


III.  OBJECTIVES 

The  characteristics  of  interest  for  the  GE-100  Centennial  Vehicle  are  vehicle  speed, 
range  at  constant  speed,  range  when  operated  in  a  selected  driving  pattern,  maximum 
acceleration,  gradeabilitv,  gradeability  limit,  road  energy  consumption,  road  power,  and 
vehicle  energy  economy. 
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Table  2.  Conversion  Factors 


Quantity 

To  Convert 

from 

to 

Multiply  by 

Acceleration 

ft/s2 

m/s2 

3.048  x  10'1 

mi/h.s 

m/s2 

4.470  4  x  10  1 

Energy  (work) 

ft  •  lbf 

J 

1.355  818 

Wh 

Btu 

3.412  141  x  103 

Wh 

J 

3.600  x  103 

Btu  (IT) 

J 

1.055  056 

Force 

lbf 

N 

4.448  222 

Length 

ft 

m 

3.048  x  10-* 

mi 

km 

1 .609  344 

Mass 

lb 

kg 

4.535  924 x  10'1 

Power 

hp  (550  ft  •  Ibf/s) 

W 

7.456  999  x  102 

Velocity 

mi/h 

km/h 

1 .609  344 

Pressure 

lbf/in2 

kPa 

6.895 

IV.  TEST  VEIIK.I.K  DESCRIPTION 


1.  Description.  The  (»E-IOf)  Centennial  Vehicle  is  the  Near-Term  Reference  Elec¬ 
tric  Vehicle.  Il  is  a  3-door.  4-passenger  commuter  car  driven  by  18  6-volt  lead-acid  bat¬ 
teries.  It  was  designed  from  the  ground  tip  a>  an  electric  vehicle.  Design  features  worlliv 
of  noting  are  the  retlneeil  aerodynamic  drag.  rear  faring  passenger  seats,  mechanical 
transmission  replaced  l»\  electrical  controls,  batteries  removable  as  a  single  unit  from  the 
ventilated  tunnel,  side  doors  open  parallel  to  the  bodv.  and  the  use  of  selected  materials 
for  weight  reduction.  The  vehicle  is  shown  in  f  igures  I  through  3.  The  vehicle  is  drsrrib- 
ed  in  Apfiendix  A. 


2.  Operating  Characteristics.  The  vehicle  is  similar  to  a  comparable-size  internal- 
combustion  vehicle,  Controls  are  located  in  similar  positions  ami  the  driving 
characteristics  are  similar.  A  key  switch  is  required  to  activate  the  vehicle.  'Pile  "ac¬ 
celerator  pedal  controls  a  signal  voltage  to  the  EV-IC  controller  which,  in  turn,  pro¬ 
grams  the  pulse  w  idth  (on  time)  and  pulse  frequency  of  battery  voltage  connected  to  the 
16.2-k\A  (21.8-hp)  (3200-r/ntin)  motor.  The  controller  reacts  to  the  “accelerator"  position 
to  control  the  vehicle  speed  and  acceleration  as  controlled  by  the  driver.  A  relav  bypasses 
the  controller  for  high-power  or  high-speed  conditions.  The  controller  employs  field 
weakening  to  increase  top  speed.  Reversing  is  accomplished  electrically,  but  the  operator 
actions  are  similar  to  those  for  a  vehicle  with  an  automatic  transmission.  No  regenerative 
braking  is  provided  on  this  vehicle.  A  block  diagram  is  shown  in  Figure  6. 

V.  INSTRUMENTATION 

The  (»E  Centennial  was  instrumented  to  measure  vehicle  speed  and  range,  battery 
voltage,  current,  averaged  current,  instantaneous  power  and  averaged  power,  motor 
voltage,  the  temperature  of  the  motor  frame,  and  the  battery  charger  power.  Battery  elec¬ 
trolyte  temperatures  were  measured  with  thermometers.  A  brief  description  of  the  in¬ 
strumentation  system  is  given  in  the  following  paragraphs.  Details  of  the  recorder  are 
given  in  Appendix  I)  of  MERADCOM  Report  2244.2 


Instrumentation  consisted  of  signal-conditioning  circuits  and  a  magnetic  tape  recorder 
for  recording  analog  signals  of  electrical  parameters.  The  magnetie  tape  recorder  was 
operated  in  the  frequency  modulation  mode  at  4.763  cm  (1-7/8  in.)  per  second.  The 
signal-conditioning  circuitry  to  the  recorder  consisted  of  a  main  battery  voltage  divider,  a 
shunt-voltage  amplifier  for  current  monitor,  an  analog  multiplier,  and  circuits  for  aver¬ 
aging  power  and  current. 
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Figure  1.  S»de  view  of  GE-100  Centennial  Vehicle. 


Figure  2.  Front/left  side  view  of  GE-100  with  ail  doors  open. 


r  r>  - 


I.  Front  view  of  GE-100  showing  SCR  controller  and  gasoline-fired  heater  and  motor. 


PROPULSION  BATTERY 


Figure  6.  Block  diagram  of  propulsion  system  and  instrumentation. 


A  voltage  proportional  to  power  was  produced  by  the  instantaneous  multiplication  of 
voltage  anil  current.  Current  ami  power  were  recorded  both  raw  and  eleetronieallv 
averaged.  The  raw  values  include  the  rapid  switching  transients  associated  w  ith  the  solid- 
state  controller. 


VI.  TKST  PROCEDURES 

The  tests  were  performed  at  the  MERADCOM  lest  facility.  Fort  Bel  voir.  and  at  the 
Aberdeen  Proving  C round  (APG)  test  facility  at  Aberdeen.  Maryland.  When  the  vehicle 
was  delivered  to  MKRAPCOM.  the  pretest  cheeks  described  in  Appendix  F  of 
MERADCOM  Report  2244*  were  eondueled.  A  shakedown  run  was  performed  to 
familiarize  the  driver  with  the  operating  eharaeteristies  of  the  vehicle  ami  to  verify  proper 
operation  of  all  instrumentation  systems.  All  tests  were  run  in  accordance  with  the  DOE 
Electric  and  Hybrid  Vehicle  Test  and  Evaluation  procedure.  Appendix  A  of 
MERADCOM  Report  2244.4  All  tests  were  performed  with  a  full  load  of  227  kg  (.700  lb). 

1.  Maximum  Cruise  Speed.  The  vehicle  was  capable  of  sustaining  88  km/h 

(5.7  mi/h)  on  level  straightaway.  The  M  ERA  DCOM  facility  has  a  2.0-km  (H4-mi)  loop 
with  a  5-percent  ami  a  5-percent  grade.  The  vehicle  could  sustain  80  km/h  (50  mi/h)  but 
not  88  km/h  on  this  course.  The  highest  speed  used  for  the  constant-speed  range  test  was 
80  km/h.  The  vehicle  w  as  operated  to  a  maximum  speed  of  97  km/h  (60.3  mi/h)  on  a  level 
track  (±  I -percent  grade)  at  Aberdeen  Proving  Ground. 

2.  Range  Tests  —  Constant  Speed.  Range  tests  at  constant  speed  were  carried 
out  at  40  km/h  (25  mi/h).  56  km/h  (35  mi/h).  and  80  km/h  (50  mi/h);  speeds  were  held  con¬ 
stant  within  1.6  km/h  (1  mi/h).  and  the  test  was  terminated  when  the  vehicle  could  no 
longer  maintain  95  percent  of  the  designated  test  speed.  Range  at  40  km/h  was  112  km 
(70  mi).  Range  at  56  km/h  was  96  km  (60  mi).  Range  at  80  km/h  was  69  km  (43  mi). 

3.  Range  When  Operated  in  a  Selected  Driving  Pattern.  Test  Schedules  “B." 
32  km/h  (20  mi/h);  “C”  48  km/h  (30  mi/h);  and  “I>,”  72  km/h  (45  mi/h)  of  SAE  J227a 
were  run.  Range  on  the  “B”  schedule  was  80  km  (50  mi).  Range  on  the  “C  schedule  was 
67  km  (42  mi).  Range  on  the  “D”  schedule  was  62  km  (39  mi). 


K.  J.  Douginlln.  Jr.;  <!.  K.  Bailey.  Jr.;  I,  R.  Snellinp*:  atul  V.  H.  Blake:  “Bax- 1  to*  lt**.i»  t*f  llie  KY  \  Melro  Kleelrir  Passenger 
Yehiele.**  VIKRADCOM  Kqmrt  2214  (July 
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4.  Maximum  Acceleration.  Maximum  acceleration  was  calculated  from  the  reciinW 
liiiu*  anil  velocity  data.  Tin*  U“sls  were  conducted  on  tin*  3-mile  straightaway  at  APG. 
Time  to  aeeelerate  to  32  km/h  (20  ini/h)  was  4.5  s  and  to  50  km/h  (31  mi/h)  was  8.5  s. 
Gradeahilitv  at  speed  was  calculated  from  the  acceleration  data  and  front  draw-har  tests. 
To  ensure  the  passenger  comrorl  witii  a  smooth  start,  the  controller  delays  maximum 
torque  until  the  vehicle  begins  o  roll. 

5.  Coast-Down  Tests.  The  v<  hide  coasted  to  a  stop  from  the  maximum  speed  reached 
during  the  acceleration  test.  The  velocity  was  recorded  on  an  analog  recorder.  The  analog 
recording  was  analyzed  for  the  S\K  J227a  vehicle  road  energy  consumption  and  vehicle 
road  load  (tower.  The  unique  design  feature  of  coupling;  the  motor  directly  to  the  drive 
train  did  not  allow  mechanical  isolation. 

6.  Tractive  Force  Tests.  The  maximum-grade  eapahilitv  of  the  test  vehicle  was 
determined  from  tractive  force  tests  by  towing;  a  field  dynamometer  at  approximately  1.6 
km/h  (1  nii/h)  while  the  test  vehicle  was  being;  driven  with  wide-open  throttle.  The  force 
was  measured  by  the  dvnamomeler  instrumentation  from  a  load  cell  attached  between  the 
vehicles.  The  test  was  run  with  the  batteries  0  percent.  40  percent,  and  80  percent  dis¬ 
charged.  This  test  was  used  to  compute  the  gradeahilitv  limit.  Gradeahilitv  was  a  func¬ 
tion  of  controller  action  rather  than  battery  discharge,  at  least  up  to  80-percent  depth  of 
discharge  (DOD).  Tractive  tests  were  terminated  at  80-percent  DOD  as  determined  by 
measurement  of  energy  with  a  Hall-effect  watt-hour  meter.  A  DOD  was  achieved  by 
operating;  the  vehicle  at  56  km/h  (35  mi/h). 

7.  Charger  Efficiency  Tests.  A  residential  kilowatt-hour  meter  was  used  to  measure 
input  energy  to  the  charger.  The  charger  output  power  and  energy  were  measured  with  a 
llall-effeel  watt-hour  meter  which  responds  to  inputs  from  d.e.  to  considerably  higher 
than  5  kHz.  Charger  efficiency  was  calculated  as  the  ratio  of  energy  to  the  battery,  as 
measured  by  a  Hall  sensor,  to  the  energy  to  the  charger  as  measured  by  a  rotating  watt- 
hour  meter.  The  efficiency  was  calculated  to  he  in  the  range  of  80  percent  to  84.3  percent. 
The  ferro- resonant  transformer  corrected  for  changes  in  the  line  voltage  and  was  pro¬ 
grammed  for  27.5-amp  (»eak  current  demand,  with  the  charge  rate  tapering  off  based  on 
battery  voltage.  A  complete  test  was  not  performed  on  the  charger  characteristics.  The 
auxiliary  battery  was  charged  from  the  on  board  charger  by  a  d.c.  to  d.c.  converter  from 
the  propulsion  batteries  during  vehicle  operation. 


Mi.  TEST  RESULTS  AND  DISCUSSION 


The  data  collected  from  all  range  tests  are  summarized  in  Table  1.  The  table  shows  the 
test  data.  |y|>e  of  test,  environmental  conditions,  the  range  lest  results,  energy  into  and  out 
of  the  battery  ,  ami  the  energy  into  the  charter.  These  data  are  used  to  determine  vehicle 
ran  we.  energy  econoniv.  and  efficiencies. 

1.  IVlaximum  Speed.  The  maxiiutiin  speed  of  the  vehicle  was  measured  during  the  ac¬ 
celeration  coast  down  tests.  It  is  defined  as  the  maximum  speed  that  could  be  reached  on 
the  track  under  full  power.  The  measured  maximum  speed  was  97  km/h  (60.3  mi/h)  for 
this  vehicle. 

2.  Range.  The  following  range  tests  were  run:  40-km/h  (25-miih),  56-km/h  |35-mi/h), 
70-km/h  (44-mi/h),  80-km/h  (50-mi/h).  B-evrle,  C-cycle,  and  D-cyele.  The  test 
results  are  shown  in  Table  1.  These  tests  were  run  one  lime  each  due  to  the  limited 
availability  of  the  vehicle.  The  s|M*ed.  velocity.  current,  and  power  profiles  for  the  third 
cycle  and  next  to  the  last  cycle  for  each  “B,”  “C,”  and  “D”  driving  schedule  are  presented 
in  Figures  7  through  18.  The  data  for  these  figures  are  shown  in  Appendix  B. 

3.  Maximum  Acceleration.  The  average  maximum  acceleration  of  the  vehicle  was 
measured  with  the  batteries  fully  charged.  40  percent  discharged,  and  80  percent  dis¬ 
charged.  The  results  of  the  tests  are  shown  in  Figure  19  and  Appendix  B.  Maximum  ob¬ 
served  acceleration  was  10.14  km/h.s  (6.3  nii/h.s)  at  4.8  km/h  (3.0  mi/h).  Velocity  as  a 
function  of  time  is  shown  in  Figures  20.  21.  ami  22  for  the  0-percent.  40-percent,  and 
80-percent  depths  of  discharge  of  the  battery,  respectively.  Note  that  the  first-cycle  (0  per¬ 
cent  DOD)  acceleration  has  some  initial  anomolous  behavior  which  is  reflected  in  the 
other  derived  graphs  of  road  energy  ami  road  power.  This  initial  cycle  problem  probablv 
arises  from  vehicle  lubricant  stiffness  ami  controller  considerations.  The  jagged 
appearance  of  the  graphs  is  due  to  road  and  vehicle  irregularities:  the  impart  becomes 
pronounced  as  velocity  and  acceleration  flatten.  Selection  of  the  cycles  representing 
40-percent  and  80-percent  DOD  was  affected  by  track  considerations. 

4.  Gradeability.  The  grade  in  percent  which  the  vehicle  is  able  to  traverse  at  anv 
selected  speed  is  calculated  from  maximum  acceleration  tests  by  using  the  equation: 

G  =  100  tan  (sin'1  0.0435  afi(  r< 

where: 

an  =  acceleration  in  miles  per  hour  jht  second  at  speed  n. 
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ELAPSED  CYCLE  TIHE(SECS) 


VOLTAGE-B  CVCLE  START/STOP- JULV  10,1979 


Figure  8.  "B"  Cycle,  battery  voltage  vs  time. 


CURRENT-B  CYCLE  START/STOP- JULY  6,1979 


Figure  9.  "B"  Cycle,  battery  current  vs  time. 


POUER-B  CYCLE  START 


UELOCITY-C  CYCLE  START/STOP- JULY  10,1979 


ELAPSED  CYCLE  TlflE(SECS) 


VOLTAGE-C  CVCLE  START/STOP- JULY  10,1979 


Figure  12.  "C"  Cycle,  battery  voltage  vs  time. 


CURRENT-C  CYCLE  START/STOP- JULY  10,  1979 


Figure  13.  "C"  Cycle,  battery  current  vs  time. 


POWER  -  C  CYCLE  START/STOP  -  JULY  10,1979 


VELOCITY  -  D  CYCLE  START/STOP  -  JULY  24,1979 


Figure  15.  "O"  Cycle,  velocity  vs  time. 


CURRENT-D  CVCLE  START/STOP-JULV  24,1979 


Cycle,  battery  current  vs  time. 
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Figure  19.  Acceleration  vs  velocity. 


DEPTH  OF  DISCHARGE 


of  discharge,  velocity  vs  time. 


VELOCITY  VS  TIME  OF  GE  100 


r>  uj 


O  O  v-i  »-  >  *-<  X.  E  *■*  N  X  QC 


DUJ  JOO 


UC  \  ZK 


Figure  21.  40%  depth  of  discharge,  velocity  vs  time. 


VELOCITY  VS  TIME  OF  GE  100 
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Ihe  coni  roller  limited  the  acceleration  at  low  speeds  to  minimize  jerk:  therefore, 
gradeability  at  low  speeds  was  calculated  from  draw-bar  forces.  The  gradeahilitv  versus 
velocity  results  are  graphed  in  Figures  23.  24.  and  25:  the  tabulated  results  are  shown  in 
\p|ieudix  B. 


5.  Gradeability  Limit.  Gradeahilitv  limit  is  defined  by  the  SAK  J227a  procedure 
as  the  maximum  grade  on  which  the  vehicle  can  just  move  forward.  The  limit  is  deter¬ 
mined  l»v  measuring  the  tractive  force  with  a  load  cell  while  towing  a  dynamometer  at 
aliout  1.6  km/h  (I  mi/h).  It  is  calculated  from: 


where: 


Gradeahilitv  limit  in  percent 


l(M)  tan 


P  =  tractive  force  (lb). 

W  =  gross  vehicle  weight  (lb). 

The  tractive  forces  that  the  GK-100  Centennial  was  capable  of  exerting  for  three  states  of 
battery  discharge  were: 


0%  Discharged  -  3115  N  (700  Ibf). 

40%  Discharged  -  4448  N  (HMM)  Ibf). 

80%  Discharged  -  4717  N  (1060  Ibf). 

At  a  vehicle  lest  weight  of  1778  kg  (3920  lb),  the  resulting  gradeability  limits  were: 

0%  Discharged  and  cold  —  18.1  % 

40%  Discharged  —  26.4  % 

80%  Discharged  and  hot  —  28. 1  % 

The  values  at  the  40-percent  and  80-|M'rcenl  discharged  state  were  greater  than  at  the 
0-percent  discharged  state  for  the  tractive  force  measurements.  The  cause  was  a  combina¬ 
tion  of  controller  action  ami  an  increase  in  battery  temperature.  Lower  tire  and  bearing 
friction  with  a  warmed-up  vehicle  also  decreased  the  propulsion  forces  required. 
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PERCENT  GRADEABILITV  US  UELOCITV  OF  GE  100 
0*  DEPTH  OF  DISCHARGE 


>f  discharge,  percent  gradeability  vs  velocity. 


PERCENT  GRADEAB1LITV  US  UELOCITV  OF  GE 


Figure  25.  80%  depth  of  discharge,  percent  gradeability  vs  velocity. 
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Tile  depth  of  discharge  was  determined  l»y  measuring  the  enerp  drawn  from 
the  battery  using  a  flail-effect  rneter.  The  halterv  was  discharged  hy  accelerating  the 
vehicle  for  coast-down  tests.  This  procedure  raised  the  electrolyte  tcni|MTature  from  27°C 
to  52°C(80°F  to  125°  F)  or,  in  effect,  increased  the  halterv  capacity  hy  31  permit  (0.7 
percent  capacity  increase  per  degree  Fahrenheit  change).  Acceleration  runs  also  changed 
the  drive  train  friction.  This  testing  was  not  intended  to  investigate  drive  train  friction  or 
temperature  effects  on  halterv  capacity,  hence  the  greatest  value  of  draw-liar  force  was 
used  to  calculate  greadeahility  limit. 

6.  Road  Energy  Consumption.  Road  energy  is  a  measure  of  the  energy  consumed 
in  overcoming  the  vehicle’s  aerodynamic  and  rolling  resistance. 

The  road  energy  for  the  vehicle  at  various  speeds  and  the  losses  in  the  drive  train 
were  determined  from  coast-down  tests  (Figures  26,  27,  and  28).  Road  energy  E  is 
calculated  from  the  following  equation: 


En  =  7.72  x  IQ'5 


w 


V  -  V 

n-l  v  n 

t  -t  , 

n  n-l 


kWh  _ 

-  -  E,, 

km  d 


where: 


V  =  vehicle  speed,  km/h 
W  =  gross  vehicle  weight,  kg 
t  =  time,  s 

E(|  =  drive  train  energy 


V  -  V 

n-l  vn  _  ,  ;i_ 

- —  -  a,  km/h.s 


The  results  of  the  road  energy  determination  are  shown  in  Figure  29  and  Appendix  B. 

7.  Road  Power  Requirements.  Road  power  is  a  measure  of  vehicle  aerodynamic 
and  rolling  resistance.  The  road  power,  P  ,  required  to  propel  a  vehicle  at  speed  n  is 
determined  from  coast-down  tests.  The  following  equation  was  used: 


P 


n 


6.08  x  10'5  W 


2 

n 


COAST-DOWN  CVCLE 


Coast-down  cycle  1,  velocity  vs  time. 


VELOCITY  VS  TIME  OF  GE  100 


Coast-down  cycle  4,  velocity  vs  time. 


VELOCITY  VS  TIME  OF  GE  100 


cycle  7,  velocity  vt  time. 


Because  there  is  no  way  lo  disengage  the  motor,  tins*-  calculations  include  motor  windage 
losses.  'I'he  results  of  road  power  ealenlations  are  shown  ill  Figure  30  ami  Appendix  B. 
Apja-ndix  C.  shows  a  ealenlalion  approach  to  take  windage  losses  into  aeeonnt. 

8.  Indicated  Energy  Keonomv.  SAE  J227a  defines  energy  economy  as  “the  vehicle 
range  in  various  operating  inodes  divided  into  the  AC  energy  required  to  return  the  bat¬ 
tery  to  its  original  stale  of  charge.  The  test  procedure  monitored  eleetrical  power  transfer 
at  three  points.  A  rotating  watt-hour  meter  measured  the  60-llz  a.e.  input  to  the  charger. 
A  llall-effect  device  measure! I  the  d.c.  energy  into  the  hatlerv.  A  Hall-effect  device  also 
measured  the  d.c.  energv  out  of  the  battery.  The  efficiency  of  the  charger,  the  hattery .  and 
the  overall  system  were  then  ealculated  as  the  ratio  of  energy  out  to  energy  in. 

The  Vehicle  Energy  Economy  column  of  Table  I  is  the  system  economy,  which  is 
the  a.e.  energv  into  the  charger  divided  hv  the  distance  covered  at  the  test  sfieed  or  over 
the  driving  pattern.  The  Batterv  Energv  Economy  column  is  the  d.c.  energy  out  of  the  bat¬ 
tery  divided  by  the  distance  covered  during  the  test. 

Charger  efficiency  is  the  ratio  of  output  d.c.  energy  to  input  a.e.  energy 
expressed  as  a  percentage.  The  Hall-effect  devices  responded  front  d.c.  to  frequencies 
lievond  5  kHz. 


VIII.  COMPONENT  PERFORMANCE  AND  EFFICIENCY 

1.  Battery  Charger.  The  OE  CRD  Ferro-Resonant  laboratory  mode)  battery 
charger  and  the  on-board  accessory  hattery  charger  are  described  in  Appendix  A.  The 
Ferro-Resonant  unit  charges  the  main  propulsion  batteries  during  a  non-operating  period. 
The  auxiliary  hattery  was  charged  from  the  propulsion  batteries  during  operation  of  the 
vehicle.  Charger  efficiency  was  calculated  to  he  as  high  as  84.3  percent.  During  portions 
of  the  test  the  auxiliary  battery  was  charged  with  a  separate  charger  at  the  same  time  the 
propulsion  batteries  were  being  charged. 

2.  Battery  Characteristics.  The  GE-HX)  Centennial  used  the  Globe-Union  GC-419 
lead-acid  batteries  for  propulsion.  Eighteen  modules  of  6  volts  each  were  connected  in 
series  to  provide  a  nominal  operating  level  of  108  volts.  The  propulsion  batteries  are 
rated  at  132.5  Ah  on  a  discharge  current  of  75  A  for  106  min.  Figures  31  and  32  display 
the  hattery  characteristics  for  the  first  25  percent  ami  the  last  25  |>ercent  of  operating 
range.  rcsftectively.  The  reduced  power  at  speed  for  the  last  25  percent  of  range  reflects 
the  reduced  chassis  forces  due  to  warmed-up  tires,  etc.  The  roll-off  of  voltage  with 
increasing  range  is  a  characteristic  of  the  battery,  but  control  of  current  and  power  is  due 
to  the  motor  controller. 
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VEHICLE  PERFORMANCE  OF  GE  100 


Figure  30.  Road  power  vs  velocity. 


LAST  £5*  OF  RANGE 


Figure  32.  Constant-speed  battery  performance,  last  25  percent 


3.  Controller.  The  Ccneral  Electric  KV-1  Silicon  Control  Rectifier  (SCR|. 
model  C.  with  current  limiting  and  demand  pickup  of  a  contractor  to  bypass  the  con¬ 
troller  was  used.  The  controller  lias  two  adjustable  features  —  creep  speed  and  controlled 
acceleration  —  and  one  fixed  feature  —  top  speed.  The  SCR  is  sw  itched  on  and  off  by  an 
oscillator  card  at  a  rate  of  .SO  Hz  to  MOO  Hz  with  duty  cycle  varying  from  5  percent  at  50 
Hz.  to  50  percent  at  300  Hz.  When  the  oscillator  reaches  approximately  05  percent  at  50 
Hz.  the  bypass  relay  is  energized  to  provide  uninterrupted  battery  voltage  directly  to  the 
motor.  The  oscillator  is  controlled  by  the  position  of  the  accelerator  pedal. 

Wave  form  analysis  of  the  controller  for  harmonic  content  was  calculated  hv 
Fourier  Transformation.  The  analysis  indicates  that  OH  percent  of  the  energy  is  trans¬ 
ferred  at  frequencies  below  5  kHz  in  all  modes. 

4.  Motor.  The  d.e.  series  5BT2364  Cll  (S/.N  J  1.42-09)  motor  is  described  in 
Appendix  A.  The  significant  design  feature  of  this  vehicle  is  that  the  motor  is  connected 
directly  to  the  drive  train,  without  clutch  or  transmission.  This  feature  not  only  allows 
lower  weight,  but  optimizes  the  electro-mechanical  characteristics  of  a  d.e.  series  motor 
for  starting  torque,  speed  regulation,  ami  reversing.  The  vehicle  did  not  have  regeneration 
or  (dogging  in  the  tested  configuration.  Having  the  motor  connected  directly  to  the  drive 
train  required  a  correction  to  the  coast-down  tests  to  develop  the  aerodynamic  drag  plus 
rolling  resistance.  See  Appendix  C  for  procedure. 

5.  Drive  Train.  The  vehicle  employed  a  chain  drive  with  a  1.36:1  ratio  and  a 
differential  with  4.135:1  ratio  for  an  overall  drive  line  ratio  of  5.62:1.  Mol  or/  vehicle 
speed  ratio  is  80.5  r/min/mi/h.  Tires,  brakes,  etc.,  are  described  in  Appendix  A.  Manufac¬ 
turer's  figure  of  98-percent  drive  train  mechanical  efficiency  was  provided. 

IX.  RELIABILITY 

The  vehicle  was  not  available  long  enough  to  conduct  an  evaluation  of  reliability. 
However,  there  was  an  interruption  in  the  testing  to  allow  the  car  to  be  demonstrated  to 
the  public.  When  the  car  was  returned,  it  required  2.5  gal  of  water  to  service  the  battery 
and  one  module  had  to  be  replaced  because  of  a  burned  post.  These  problems  are 
associated  with  training  the  operators  concerning  routine  maintenance. 

The  on-board  auxiliary  charger  was  bypassed  in  favor  of  charging  from  a  MKRAI4 
COM  charger  because  of  excessive  draw  from  the  on-board  charger. 
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APPENDIX  A 


VEHICLE  SUMMARY  DATA  SHEET 


1.  Vehicle  Manufacturer: 

Ceneral  Electric  Co. 

Corporate  Research  anil  Development 
1  River  Road  Bid;;  K-l 
Schenectady.  NY  12345 

Triad  Associates 

32049  Him  ard 

Madison  Heights.  Ml  480TI 

2.  Vehicle  Description: 

Name:  Centennial  Electric 
Model:  OE-100 

Availability:  One-of-a-kind  experimental  prototype 
Price:  Estimated  replacement  value  $250 K 

3.  Vehicle  Weight: 

Curb  weight:  1551  kg  (3420  lb) 

Driver  weight:  68  kg  (150  lb) 

Passenger  weight  (3):«  159  kg  (350  lb) 

Cross  weight:  1778  kg  (3920  lb) 

4.  Vehicle  Size: 

Wheelbase:  2.34  m  (92  in.) 
liength:  4.06  in  (160  in.) 

Width:  1.68  m  (66.1  in.) 

Height:  1.36  in  (53.6  in.) 

Headroom:  0.97  m  (38.3  in.) 

Leg  room:  1.06  m  (41.9  in.) 

Frontal  area:  1.77  m2  (19  ft2) 

Road  clearance:  0.15  m  (6  in.) 

Number  of  seats:  4 

Wheel  track:  1.38  m  (54.5  in.)  front:  1.47  m  (58.0  in.)  rear 
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5.  Auxiliaries  and  Options: 


Lights:  Headlights  (4),  front  parking  and  direction,  front  side  markers  (parking  and 
direction),  rear  lamp  assembly  (backup,  taillight,  directional,  stop),  rear  license 
plate  lamp,  rear  side  markers,  dome  light.  2  courtesy  lamps,  dash  cluster  illumina¬ 
tion  lamps. 

Windshield  wipers:  Yes 

Radio:  Yes  CB  transceiver,  Am/Km  stereo 

Ampmeter:  Yes 

Speedometer:  Yes 

Left-hand  drive:  Yes 

Regenerative  braking:  No 

Power  steering:  No 

Windshield  washers:  Yes 

Heater:  Yes  (gas) 

Fuel  gage:  Yes  (slate  of  charge) 

Tachometer:  No 
Odometer:  Yes 
Direct-drive  transmission 
Mirrors:  Yes  (3) 

Power  brakes:  No 

6.  Propulsion  Batteries: 

Types:  Oad-acid  (motive  (>0419) 

Modules:  18  (6  volts) 

Battery  voltage:  108  volts 

Size:  0.26L  x  0.I8W  x  0.29H;  0.014  m3  each  0.252  in3  total  (10.2L  x  7.1  W  x  1 1.4  II: 

826  in3  each,  14859  in3.  8.6  ft3  total) 

Manufacturer:  Globe  Union 
Oils:  3  per  module  54  total 
Capacity:  132.5  Ah  (75  A  for  106  min) 

Weight:  30.9  kg  each,  556.2  kg  total  (68.1  lb  ea.  1226  lb  total) 

7.  Auxiliary  Battery: 

Type:  Oad-acid  (SCI) 

Manufacturer:  Globe  Union 
Oils:  6 

Voltage:  12  volts 
Capacity:  30  Ah  @  20-h  rate 

Size:  0.197L  x  0.1 30W  x  0.18711  m.  (7.75L  x  5.13W  x  7.3811  in.) 

Weight:  10  kg  (21.8  lb) 
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8.  Controller: 


Ty|ie:  SCR  KY-IC 

Manufacturer:  General  Kleetrie 

Voltage  ratio":  8-1  to  114  volts 

Current  ratio":  850A  peak  375  max  a\g  halt. 

Size:  0.3561.  x  0.205W  x  0.1 7711  in  (I4L  x  8W  x  711  in. | 
Weight:  23.1  kg  (51  1 1 > ) 

0.  Propulsion  Motor: 

Type:  tl.e.  series  5BT  236-1-  (ill  S/N  Jl,  12-W  Mower  vent 

Manufacturer:  General  Kleetrie 

Voltage:  100  V  at  rated  power 

Power:  16.26  kW  (21.8  lipl 

Insulation  class:  K 

Current:  1 70  A  at  rated  power 

Size:  0.20  in  ilia.  (1 1.38  in.).  0.51  ml.  (20.0  in.) 

Weight:  104.4  kg  (230  Hi) 

Rated  speed:  3270  r/niin 
Maximum  speed:  68(H)  r/min 

10.  Battery  Charger  (Propulsion): 

Manufacturer:  General  Kleetrie 
Input  voltage:  220  V  single-phase 
Recharge  time:  6  to  8  h 
Type:  Laboratory  Model  Kerro-Resonant 
( Iff  hoard 

Peak  current  demand:  27.5  A 
Automatic  turn  off:  Adj.  time  12  h  max 
Weight:  43  kg  (05  lb) 

11.  Battery  Charger  (On  Board): 

Type:  d.e.-d.e.  transformer  isolated 
Manufacturer:  KVA 
Peak  current:  2.5  A 

Size:  0.321,  x  0.0 1 0W  x  0.0811  m  (12.51,  x  4.0W  x  3.011  in.) 
Weight:  2.7  kg  (6  lb) 

Automatic  turn  off:  Yes.  regulated 
Input  voltage:  85-  to  125-V  d.e. 


12.  Body: 


Manufacturer:  CF/Triad 
Ty|ie:  Hatchback 

Materials:  Stainless  steel  under  body;  steel  and  fiberglass  body 
Doors:  2  parallelogram  linkage  side.  I  inji  rear  hatch 

VI  indows:  Class  windshield:  la*\an®  -2  fixed-in  side  doors.  2  sliding-in  doors.  2 
I'ixed-in  rear  quarters.  I  fixed-in  rear  door 
Seats:  2  full  hueket  in  front  —  2  removable  rear  facing  jump  seats. 

Cargo  space  volume:  1.36  in3  (48  ft'1)  to  w  indow  level 

Cargo  space  dimension:  1.831.  x  I.22VI  x  0.61  II  in  (6.01.  x  4.0W  x  2.011  ft) 


13.  Chassis: 

Type:  Unihody 
Manufacturer:  Triad  Services 

Material:  Stainless  steel  backbone,  fiberglass  panels 
Modification:  None  —  original  design 
Springs  and  shocks:  Coil.  Monroe  take-aparts 

Axles:  Audi  Fox  Front;  Suharii  hubs,  no  axle-rear  Morse  11  wo  chain.  Chrysler 
(larking  pawl.  BW  differential  1.36:  I  chain,  4.135:  1  differential.  5.620:1 
driveline  ratio  (80.5  r/miii/mi/h) 

Steering:  Triad  Services,  new  design.  18.5:  1  turning  ratio.  9.75  m  (32  ft)  turning 
diameter 

Brakes:  Front,  inboard  Chevelle,  copper  drums;  rear.  Subaru  drums 
Parking:  Vega  coupled  to  front  Chevelle 
Regenerative:  No 

Tires:  Miehelin  B78-13  radial  165  to  179  K  Pa  (24  to  26  lb/in.2)* 
0.30  in  (11.8  in.)  rolling  radius 
Wheel  track:  1.38  in  (54.5  in.)  front;  1.47  m  (58.0  in.)  rear 


'Phis  firr*»urr  ron^r  i*  I  hr  normal  ttianiifatliirrr's  rrcuinmeinlrii  upiToling  liaitil:  however.  with  |irriiii*>iori  of  thr  lirr 
manufacturer  CiK  iiicreat«*«l  (hr  pressure  t«>  283  kl'a  |4I  llt/in.’).  Thr  prrssiirc  «»f  283  kPa  was  maintaineil  for  thr  tesls  in  this  rr|tor1. 


48 


Motor  Characteristics  Data 


IB  ATT 

1ARM 

VM 

TORQUE 

RPM 

HP 

LOSSES 

WATTS 

EFF. 

177. 

560. 

27.2 

166.5 

0. 

0 

15012. 

0 

171. 

459. 

34.9 

129.5 

312. 

7.68 

10299. 

35.8 

22 1 

377. 

59.5 

101.8 

1046. 

20.27 

7306. 

67.4 

280. 

309. 

96.2 

78.7 

2164. 

32.45 

5494. 

81.5 

245. 

253 

105.4 

60.8 

2620. 

30.33 

4075. 

84.7 

201. 

208. 

107.5 

46.6 

2916. 

25.88 

3023. 

86.5 

165. 

170. 

109.2 

35.0 

3272. 

21.82 

2325. 

87.5 

135. 

140. 

110.6 

25.4 

3750. 

18.17 

1899. 

87.7 

111. 

114. 

111.8 

17.8 

4404. 

14.90 

1688. 

86.8 

91. 

94. 

112.8 

11.6 

5372. 

11.87 

1732. 

83.6 

74. 

77. 

113.5 

6.8 

6778. 

8.80 

2178. 

75.1 
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APPENDIX  B.  TABULATIONS  OF  GRAPHED  DATA. 
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CYCLE  3.  B  CYCLE  START/STOP 
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Maximum  Acceleration  Data 


Acceleration  to  24  km/h  (15  mi/h)  forGE-100 
(Same  for  0%,  40%  and  80%  discharge) 


Time 

Seconds 

Velocity 

Acceleration 

km/h 

mi/h 

km/h*sec 

mi/h  -sec 

0.00 

0.0 

0.00 

3.86 

2.40 

0.42 

1.6 

1.00 

4.78 

2.97 

0.76 

3.2 

2.00 

8.69 

5.40 

0.94 

4.8 

3.00 

10.14 

6.3 

1.10 

6.4 

4.00 

7.72 

4.8 

1.31 

8.0 

5.00 

7.72 

4.8 

1.52 

9.6 

6.00 

7.72 

4.8 

1.73 

11.2 

7.00 

8.69 

5.4 

1.91 

12.8 

8.00 

8.69 

5.4 

2.09 

14.4 

9.00 

7.64 

4.75 

2.31 

16.0 

10.00 

7.40 

4.6 

2.52 

17.6 

11.00 

7.40 

4.6 

2.75 

19.2 

12.00 

6.95 

4.32 

2.99 

20.8 

13.00 

6.76 

4.20 

3.24 

22.4 

14.00 

6.44 

4.0 

3.49 


24.00 


15.00 


6.44 


4.0 


Maximum  Acceleration  Data 


Acceleration  from  24  km/h  at  Various  States  of  Discharge  for  the  GL-100 


Velocity 

0 9?  Discharge 

409?  Discharge 

809?  Discharge 

km/h 

mi/h 

km/h  sec 

mi/h  sec 

km/h  sec 

mi/h  sec 

km/h  sec 

mi/h  sec 

24.0 

15.0 

6.44 

4.00 

6.44 

4.00 

6.44 

4.00 

32.2 

20.0 

5.89 

3.66 

4.88 

3.03 

3.86 

2.40 

40.2 

25.0 

5.02 

3.12 

4.26 

2.65 

2.19 

1.36 

48.3 

30.0 

4.35 

2.70 

3.89 

2.42 

1.85 

1.15 

56.3 

35.0 

2.80 

1.74 

2.95 

1.83 

1.61 

1.00 

64.4 

40.0 

2.03 

1.26 

2.1  1 

1.31 

0.85 

0.53 

72.4 

45.0 

1.26 

0.78 

1.59 

0.99 

0.74 

0.46 

80.5 

50.0 

0.77 

0.48 

0.74 

0.46 

0.64 

0.40 

88.5 

55.0 

0.31 

0.19 

0.18 

0.11 

0.0 

0.0 
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O'!  Dishcarge  Gradcability  at  Speed 


Hapsed  Velocity  Grade  ('!) 

Time  (Sec)  (km/hr) 


1.20 

1.80 

2.40 
3.00 

3.60 

4.20 

4.80 

5.40 
6.00 

6.60 

7.20 

7.80 

8.40 
9.00 

9.60 

10.20 

10.80 

11.40 
12.00 

12.60 

13.20 

13.80 

14.40 
15.00 

15.60 

16.20 

16.80 

17.40 
18.00 

18.60 

19.20 

19.80 

20.40 
21.00 

21.60 

22.20 

22.80 

23.40 
24.00 

24.60 

25.20 

25.80 

26.40 
27.00 

27.60 

28.20 

28.80 

29.40 
30.00 


3.50 

0.00 

5.26 

8.38 

6.42 

5.53 

7.27 

4.03 

7.41 

.68 

7.48 

.33 

7.67 

.90 

7.99 

1.51 

9.96 

9.39 

11.23 

6.04 

12.58 

6.42 

14.56 

9.45 

17.19 

12.61 

18.95 

8.39 

19.20 

1.17 

19.80 

2.85 

22.49 

12.90 

25.17 

12.83 

28.14 

14.28 

30.80 

12.71 

33.59 

13.36 

36.09 

11.96 

38.07 

9.48 

39.91 

8.75 

41.57 

7.89 

43.27 

8.14 

45.64 

11.31 

47.55 

9.12 

49.36 

8.62 

51.25 

9.03 

53.73 

11.84 

55.61 

8.98 

57.37 

8.39 

59.26 

9.00 

60.98 

8.21 

62.81 

8.71 

63.88 

5.07 

65.18 

6.20 

66.68 

7.15 

67.53 

4.04 

68.87 

6.34 

70.03 

5.55 

71.15 

5.30 

72.28 

5.41 

73.14 

4.05 

74.25 

5.30 

74.85 

2.85 

75.65 

3.81 

76.68 

4.87 
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(XV  Dislicarjic  (iradcability  at  Speed 


1 


I 


I-  lapsed 

Velocity 

tirade  1' 

Time  (See) 

(km/hr) 

30.60 

77.1 1 

2.05 

31.20 

77.86 

3.58 

31.80 

78.56 

3.30 

32.40 

79.16 

2.88 

33.00 

79.73 

2.68 

33.60 

80.11 

1.81 

34.20 

80.40 

1.40 

34.80 

80.86 

2.19 

35.40 

81.23 

1.72 

36.00 

81.58 

1.70 

36.60 

81.84 

1.22 

37.20 

82.30 

2.18 

37.80 

82.93 

3.01 

38.40 

83.02 

.39 

39.00 

82.25 

-3.63 

39.60 

82.93 

3.22 

40.20 

84.00 

5.08 

40.80 

84.17 

.81 

41.40 

84.95 

1.82 

42.00 

84.75 

.92 

42.60 

84.08 

-3.16 

43.20 

85.41 

6.31 

43.80 

85.40 

-.04 

44.40 

86.1  1 

3.40 

45.00 

86.00 

-.52 

45.60 

86.10 

.47 

46.20 

86.48 

1.79 

46.80 

87.07 

2.7  9 

47.40 

87.10 

.15 

48.00 

87.49 

1.87 

48.60 

87.78 

1.36 

49.20 

88.58 

.3.81 

49.80 

89.60 

4.85 

50.40 

89.41 

-.88 

51.00 

89.46 

.21 

51.60 

89.61 

.73 

52.20 

89.91 

1.39 

52.80 

90,31 

1.93 

53.40 

89.57 

-3.54 

54.00 

89.21 

-1.70 

54.60 

89.29 

.37 

55.20 

89.43 

.67 

55.80 

89.92 

2.36 

56.40 

89.86 

-.29 

57.00 

89.60 

-1.25 

57.60 

89.89 

1.35 

58.20 

90.41 

2.49 

58.80 

90.73 

1.52 

59.40 

90.92 

.90 

60.00 

90.91 

-.06 
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O';  Dislicargc  (.radeahility  at  Speed 


Mapped 

Velocity 

Grade  ( 

Time  (Sec) 

(km/hr) 

60.60 

90.60 

-1.48 

61.20 

90.9! 

1.51 

61.80 

90.92 

.04 

62.40 

91.28 

1.70 

63.00 

91.24 

-.21 

63.60 

91.12 

-.54 

64.20 

92.38 

5.98 

64.80 

93.07 

3.31 

6S.40 

93.02 

-.27 

66.00 

93.69 

3.21 

66.60 

92.99 

-3.35 

67.20 

93.23 

1.16 

67.80 

93.13 

-.50 

68.40 

93.86 

3.49 

69.00 

93.59 

-1.27 

69.60 

93.03 

-2.70 

70.20 

93.96 

4.46 

70.80 

93.67 

-1.38 

71.40 

93.70 

.14 

72.00 

93.49 

-1.03 

72.60 

93.43 

-.27 

73.20 

93.27 

-.74 

73.80 

93.85 

2.75 

74.40 

94.01 

.72 

75.00 

93.68 

-1.54 

75.60 

93.25 

-2.03 

76.20 

93.95 

3.33 

76.80 

93.78 

-.80 

77.40 

93.69 

-.46 

78.00 

93.76 

.35 

78.60 

94.33 

2.71 

79.20 

94.13 

-.97 

79.80 

94.60 

2.24 

80.40 

94.53 

-.33 

81.00 

93.92 

-2.89 

81.60 

94.17 

1.18 

82.20 

93.66 

-2.43 

82.80 

93.88 

1.05 

83.40 

94.41 

2.51 

84.00 

94.38 

-.11 

84.60 

95.08 

3.33 

85.20 

95.90 

3.86 

85.80 

96.15 

1.20 

86.40 

96.35 

.95 

87.00 

96.70 

1.66 

87.60 

96.79 

.44 

88.20 

95.84 

-4.52 

88.80 

97.26 

6.80 

89.40 

96.08 

-5.65 

90.00 

97.45 

6.54 
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0/7,  llishcarge  (Jtadeability  at  Speed 


1  lapsed 

Velocity 

tirade  (' 

Time  (Sec) 

(km/ltr) 

90.60 

97.28 

-.84 

91.20 

97.20 

-.38 

91.80 

96.11 

-5.15 

92.40 

96.68 

2.68 

93.00 

96.49 

-.88 

93.60 

96.72 

1.07 

94.20 

97.17 

2.17 

94.80 

96.73 

-2.11 

95.40 

97.55 

3.88 

96.00 

96.38 

-5.53 

96.60 

97.15 

3.64 

97.20 

97.91 

3.63 

97.80 

97.94 

.11 

98.40 

98.52 

2.76 

99.00 

97.03 

-7.07 

99.60 

97.99 

4.56 

100.20 

97.64 

-1  65 

100.80 

98.54 

4.25 

101.40 

98.71 

.82 

102.00 

99.32 

2.89 

102.60 

97.86 

-6.95 

103.20 

98.03 

.83 

103.80 

98.60 

2.71 

104.40 

98.23 

-1.77 

105.00 

99.63 

6.69 

105.60 

98.62 

-4.80 

106.20 

99.51 

4.21 

106.80 

99.68 

.79 

107.40 

98.62 

-5.05 

108.00 

99.30 

3.27 

108.60 

98.79 

-2.43 

109.20 

98.27 

-2.50 

109.80 

98.67 

1.91 

110.40 

98.54 

-.59 

111.00 

98.22 

-1.52 

111.60 

98.21 

-.08 

112.20 

98.74 

2.55 

112.80 

97.86 

-4.21 

113.40 

98.94 

5.16 

114.00 

98.68 

-1.26 

114.60 

99.56 

4.20 

4m  Dishcarge  Grade  ability  at  Speed 


1  lapsed 

Time  (Sec) 

Velocity 

(km/hr) 

tirade  ('!) 

30.60 

82.41 

1.00 

31.20 

82.85 

2.09 

31.80 

83.33 

2.29 

32.40 

84.01 

3.21 

33.00 

84.20 

.93 

33.60 

84.75 

2.59 

34.20 

84.74 

-.04 

34.80 

85.51 

3.68 

35.40 

86.02 

2.42 

36.00 

86.30 

1.32 

36.60 

86.32 

.09 

37.20 

86.14 

-.82 

37.80 

86.S2 

1.78 

38.40 

87.99 

7.01 

39.00 

87.82 

-.80 

39.60 

88.05 

1.10 

40.20 

89.07 

4.82 

40.80 

90.04 

4.60 

41.40 

89.91 

-.58 

42.00 

90.71 

3.77 

42.60 

89.91 

-3.80 

43.20 

90.04 

.64 

43.80 

89.25 

-3.76 

44.40 

89.83 

2.73 

45.00 

90.12 

1.39 

45.60 

90.89 

3.68 

46.20 

91.23 

1.60 

46.80 

91.38 

.73 

47.40 

91.48 

.45 

48.00 

91.75 

1.28 

48.60 

92.31 

2.68 

49.20 

92.26 

-.21 

49.80 

92.62 

1.69 

50.40 

92.57 

-.25 

51.00 

92.73 

.77 

51.60 

92.76 

.17 

52.20 

92.95 

.88 

52.80 

92.69 

-1.21 

53.40 

93.34 

3.08 

54.00 

93.11 

-1.11 

54.60 

93.72 

2.93 

55.20 

93.42 

-1.47 

55.80 

93.09 

-1.56 

56.40 

94.24 

5.48 

57.00 

94.35 

.51 

57.60 

93.88 

-2.23 

58.20 

94.41 

2.53 

58.80 

94.34 

-.31 

59.40 

93.76 

-2.77 

60.00 

94.30 

2.57 
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4m  Dishcargc  Gradeabiiity  at  Speed 


i:  lapsed 

Velocity 

tirade 

Time  (Sec) 

(km/hr) 

60.60 

94.50 

.93 

61.20 

94.21 

-1.39 

61.80 

94.42 

1.00 

62.40 

94.79 

1.75 

3.00 

95.02 

1.09 

63.60 

94.70 

-1.48 

64.20 

95.46 

3.59 

64.80 

94.92 

-2.55 

65.40 

94.73 

-.90 

66.00 

96.33 

7.62 

66.60 

96.18 

-.74 

67.20 

95.49 

-3.25 

67.80 

95.92 

2.03 

68.40 

95.26 

-3.15 

69.00 

95.80 

2.56 

69.60 

96.17 

1.77 

70.20 

96.18 

.07 

70.80 

96.80 

2.94 

71.40 

95.89 

-4.34 

72.00 

96.65 

3.64 

72.60 

97.33 

3.22 

73.20 

96.38 

-4.50 

73.80 

96.32 

-.28 

74.40 

96.83 

2.42 

75.00 

96.39 

-2.10 

75.60 

97.14 

3.55 

76.20 

96.98 

-.77 

76.80 

96.90 

-.39 

77.40 

97.20 

1.45 

78.00 

97.75 

2.60 

78.60 

97.02 

-3.45 

79.20 

97.98 

4.58 

79.80 

97.32 

-3.17 

80.40 

98.42 

5.26 

81.00 

98.23 

-.92 

81.60 

99.10 

4.13 

82.20 

97.61 

-7.09 

82.80 

98.47 

4.10 

83.40 

98.24 

-1.11 

84.00 

98.08 

■  -.75 

84.60 

98.17 

.44 

85.20 

97.72 

-2.12 

85.80 

98.58 

4.08 

86.40 

98.28 

-1.45 

87.00 

98.47 

.94 

87.60 

97.82 

-3.12 

88.20 

98.46 

3.07 

88.80 

98.35 

-.51 

89.40 

99.51 

5.51 

90.00 

99.19 

-1.53 
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8 Of/I  Dishcarpc  (Iradcability  at  Speed 


(-.lapsed  Velocity  Grade  ) 

Time  (See)  (kni/lir) 


1.20 

1.80 

2.40 
3.00 

3.60 

4.20 

4.80 

5.40 
6.00 

6.60 

7.20 

7.80 

8.40 
9.00 

9.60 

10.20 

10.80 

11.40 

12.00 

12.60 

13.20 

13.80 

14.40 
15.00 

15.60 

16.20 

16.80 

17.40 
18.00 

18.60 

19.20 

19.80 

20.40 
21.00 

21.60 

22.20 

22.80 

23.40 
24.00 

24.60 

25.20 

25.80 

26.40 
27.00 

27.60 

28.20 

28.80 

29.40 
30.00 


3.50 

3.87 

7.60 

12.74 

17.61 

22.38 
26.65 
31.30 
35.53 
38.72 
42.00 
45.09 
48.07 

50.85 
53.32 
55.76 
57.90 

59.34 

61.13 
62.78 
64.11 

65.68 

67.14 
68.16 

69.34 

70.27 
71.10 

72.26 

73.38 
74.40 

75.46 
76.31 

76.47 

77.86 
78.70 

79.37 
79.96 
80.57 
81.06 
81.59 
81.83 

82.28 
82.91 
83.46 
83.06 
84.09 

84.68 

84.37 

85.27 


0.00 

1.73 

18.04 

25.18 

23.75 

23.27 
20.72 
22.65 
20.53 

15.32 

15.76 

14.82 

14.33 

13.31 

11.83 
11.67 
10.21 

6.84 
8.56 

7.85 

6.31 
7.49 

6.97 

4.82 

5.64 
4.42 

4.87 

4.58 

5.32 

4.83 
5.04 
4.04 

.77 

6.64 

3.97 
3.19 
2.82 

2.88 

2.32 
2.54 
1.15 
2.14 
3.01 

2.59 
-1.88 
4.86 

2.84 
-1.49 

4.27 


80%  Disiiearge  Gradcability  at  Speed 


F  lapsed 

Velocity 

Grade  (%) 

Time  (See) 

(km/hr) 

30.60 

8S.08 

-.87 

31.20 

86.06 

4.62 

31.80 

85.56 

-2.35 

32.40 

85.95 

1.85 

33.00 

86.99 

4.96 

33.60 

87.22 

1.07 

34.20 

86.93 

-1.36 

34.80 

88.09 

5.54 

35.40 

87.83 

-1.27 

36.00 

88.08 

1.21 

36.60 

88.54 

2.18 

37.20 

88.21 

-1.56 

37.80 

88.06 

-.71 

38.40 

89.02 

4.56 

39.00 

89.30 

1.32 

39.60 

89.29 

-.02 

40.20 

89.43 

.63 

40.80 

89.78 

1.69 

41.40 

90.22 

2.08 

42.00 

90.02 

-.94 

42.60 

90.09 

.33 

43.20 

90.58 

2.31 

43.80 

90.77 

.92 

44.40 

90.06 

-3.38 

45.00 

91.07 

4.78 

45.60 

91.43 

1.74 

46.20 

91.71 

1.31 

46.80 

91.60 

-.50 

47.40 

91.88 

1.32 

48.00 

92.11 

1.08 

48.60 

91.96 

-.70 

49.20 

92.19 

1.07 

49.80 

92.22 

.15 

50.40 

92.93 

3.40 

51.00 

93.11 

.83 

51.60 

92.97 

-.65 

52.20 

93.15 

.84 

52.80 

93.49 

1.63 

53.40 

93.74 

1.16 

54.00 

93.74 

0.00 

54.60 

93.80 

.28 

55.20 

93.75 

-.21 

55.80 

95.43 

8.01 

56.40 

95.03 

-1.90 

57.00 

94.17 

-4.10 

57.60 

95.20 

4.88 

58.20 

94.89 

-1.43 

58.80 

94.30 

-2.82 

59.40 

94.67 

1.76 

60.00 

94.69 

.10 

79 


80%  Dishcargc  Cradeability  at  Speed 


r~ 


i 


1-dapsed 
Time  (Sec) 

90.60 

91.20 

91.80 

92.40 
93.00 

93.60 

94.20 

94.80 

95.40 
96.00 

96.60 

97.20 

97.80 

98.40 
99.00 

99.60 
100.20 
100.80 


807,  Dishcarge  Gradeability  at  Speed 


Velocity 

(km/hr) 


99.20 
99.67 
99.89 
99.72 

100.14 

100.42 

100.10 

100.30 

100.51 

100.12 

100.64 

100.87 

100.46 

100.12 

99.57 

99.84 

99.21 
99.63 


Grade  (%) 


-1.60 

2.23 

1.06 

-.79 

2.00 

1.33 

-1.52 

.95 

.97 

-1.85 

2.49 

l.ll 

-1.98 

-1.62 

-2.61 

1.30 

-3.01 

2.01 


Cycle  I.  Coast  Down 


ELAPSED 

U£ LOCI TV 

ROAD  ENERGY 

ROAD  POUER 

AUG.  CEL 

TIAE  ( SEC ) 

(KA/HR  ) 

(KUH/ICA) 

nun 

(KA/HR  ) 

0.00 

98.22 

.0028 

.2721 

98.22 

3.00 

93.49 

.2124 

20.3609 

95.85 

6.00 

90.57 

.1315 

12.1006 

92.03 

9.O0 

88.48 

.0938 

8.3987 

89.52 

12.00 

84.04 

.1997 

17.227? 

86.26 

15.00 

81.25 

.1253 

10.3530 

82.64 

16.00 

78.09 

.1421 

11.3236 

79.6? 

21.00 

77.41 

.0306 

2.3783 

77.75 

24.00 

74.50 

.1305 

9.9123 

75.96 

27.00 

71.08 

.  1539 

11.2037 

72.79 

30.00 

69.02 

.0925 

6.4809 

70.05 

33.00 

66.18 

.1279 

8.6444 

67.60 

36.00 

63.86 

.1043 

6.7795 

65.02 

39.00 

61.53 

,1048 

6.5673 

62.69 

42.00 

59.28 

.1009 

6.0964 

60.41 

45.00 

57.  16 

.095? 

5.5728 

58.22 

48.00 

54.85 

.  1038 

5. 8149 

56.00 

51.00 

52.61 

.  100? 

5.4104 

53.73 

54.00 

49.76 

.  1278 

6.5330 

51.16 

57.00 

47.48 

.  102? 

4.9913 

4  8.62 

60.00 

45.28 

.0590 

4.5935 

4  6.  j 8 

63.00 

43.  15 

.0554 

4.219S 

44.22 

66 . 00 

41.33 

.0521 

3.4694 

42.24 

69.00 

39.64 

.0758 

3.0696 

40.48 

72.00 

33.21 

.0643 

2.5033 

38.93 

75.00 

37.26 

.0425 

1.6034 

37.74 

78.00* 

35.90 

.0616 

2.2521 

36.58 

81.00 

34.35 

.0468 

1 .6572 

35.37 

84.00 

33.55 

.  058S 

1  .9994 

34.20 

87.00 

32.49 

.04B0 

1.5851 

33.02 

90.00 

31.67 

.0367 

1.1782 

32.08 

93.00 

30.51 

.0519 

1.6138 

31.09 

96.00 

29.34 

.0530 

1.5850 

29.92 

99.00 

28.37 

.0432 

1 .2468 

2B.8S 

102.00 

27.29 

.048? 

1.3542 

27.83 

105.00 

26.32 

.0439 

1.1763 

26.80 

103.00 

25.32 

.0448 

1.1579 

25.82 

111.00 

24.16 

.0520 

1.2854 

24.74 

114.00 

23.30 

.0386 

.9163 

23.73 

117.00 

22.23 

.0483 

1.0989 

22.77 

120.00 

21.37 

.0387 

.8428 

21.80 

123.00 

20.30 

.0481 

1.001? 

20.84 

126.00 

19.29 

.0456 

.9034 

19.79 

129.00 

17.93 

.0609 

1.1339 

18.61 

132.00 

16.83 

.0493 

.8562 

17.38 

135.00 

15.69 

.0515 

.8370 

16.26 

138.00 

14.57 

.0502 

.7599 

15.13 

141.00 

13.44 

.0507 

.7106 

14.01 

144.00 

12.49 

.0427 

.5535 

12.97 
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£ LAPSED 

velocity 

ROAD  ENERGY 

ROAD  ROVER 

AVG.  VEl 

TINE  (SEC) 

IKn/HR  ) 

IKUH/Km 

<KU> 

(ICfl'Hfi  ) 

M7.ee 

11.17 

.8S94 

.7826 

11.83 

tse.eo 

ie.28 

.0481 

.4308 

ie.73 

1s3.ee 

9.09 

.0535 

.5187 

9.69 

i56.ee 

8.33 

.  034E 

.2979 

8.71 

1s9.ee 

7. El 

.  0502 

.3983 

7.7? 

i6E.ee 

5.97 

.  0559 

.3686 

6.S9 

us.ee 

S .  13 

.0379 

Etei 

5.55 
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Cycle  4,  (’oast  Down 


EI-hHSED  0ELOC I  TV  ROAD  ENERGV  ROAD  POUER 
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AOG.  VEl . 
( KM/hR ) 
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Cycle  7,  Coast  Down 
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APPENDIX  C: 


GRAPHICAL  DERIVATION  OF  ROAD  LOAD  POWER 


General 

The  acceleration  and  deceleration  of  the  GE-100  electric  vehicle  can  he  determined 
using  graphical  methods.  A  Sutler  model  3312  chart  recorder  was  used  to  plav  hack  the 
velocity  as  a  function  of  time.  Tangents  to  the  velocity  curve  were  selected  at  increments 
of  speed  to  reflect  significant  changes  in  acceleration.  There  is  slow  acceleration  at  zero 
speed  with  an  increase  in  acceleration  for  about  the  first  second.  This  can  l>e  attributed  to 
the  design  characteristics  of  the  controller  which  insure  a  smooth  start,  rather  than  a  jerk, 
which  might  otherwise  be  associated  with  the  maximum  torcpie  of  a  locked-rotor  series 
d.c.  motor. 

Controller  Effect 

At  about  4  seconds,  under  maximum  acceleration,  the  vehicle  has  achieved  sufficient 
speed  for  a  bypass  relay  to  shunt  out  the  controller.  Acceleration  to  about  24  km/h  (15 
mi/h)  was  independent  of  battery  charge.  The  vehicle  was  accelerated  under  various  states 
of  battery  charge,  the  effect  of  thermal  cut  back  was  noted  on  several  runs.  This  is  a  con¬ 
troller  feature  which  compensates  for  the  temperature  of  the  SCR.  When  the  SCR  warms 
up,  it  has  a  tendency  to  allow  more  current,  a  thermal  sensor  cuts  back  the  condition  time 
to  retain  the  smooth  starting  characteristics.  This  test  was  run  on  a  hot  day  29°C  (84°  F) 
under  stringent  conditions  (Electrolyte  temperature  reached  44°C  (112°F)).  The  thermal 
sensor  prevented  operation  of  the  bypass  relay  on  several  runs.  If  the  thermal  cut  back 
had  not  operated,  there  would  have  been  a  noticeable  jerk  due  to  “torcpie  jump.” 

Data  Reduction 

Newton’s  F=ma  was  used  to  determine  the  coast-down  forces.  Acceleration,  a.  was 
graphically  determined  by  AV/Al  methods.  The  vehicle  weight  was  taken  as  1747  kg 
(3850  lb)*  and  the  conversion  factors  were  determined  from: 

; - 

Thr  original  tlwign  weigh  I  of  ihr  vrhirlr  wa*  1747  kg  (3850  IK). 
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I*  =  maV 
in  =  W/g 


W  i*»  pounds  force 
g  in  ft/s* 
a  in  mi/h.s 
V  in  ini/li 
I*  in  horsepower 

D_  W  5280  5280  1  [  lb  ■  s2  .  ft  .  ft  .  hp  1 

32.17  XJ  3600  XV  3600  X  550  l  ft  s2  s  ft  IbJ 

P  =  W  x  a  x  V  x  1.216  x  10  ' 

The  motor  windage  and  friction  were  subtracted  from  the  observed  coast-down  power  to 
arrive  at  the  vehicle  external  forces.  The  power  was  plotted  as  a  function  of  velocity  on 
log  -  log  paper.  Curve  fitting  resulted  in  the  following  empirical  equation  for  vehicle 
| mwer  on  zero  grade: 

P  =  5.95  x  I02  V  4-  6.06  x  10  1  V2  4-  1.05  x  10r5  V3 


P  in  hp 
V  ill  km/h 

Corrections 

Motor  windage  losses  were  calculated  from: 


VkiwliljCf 


=  4.02  x  Hr1 


3 


P  in  hp 

r/min  from  mi/h  x  80.5  motor/vehicle  speed  ratio. 
Motor  friction  losses  were  calculated  from: 


P  =  1  327  x  \0m'(  r/m'n  \ 

. .  ’  \  1000  / 
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and  then  corn  Tied  by  98  |>ercenl  for  drive  train  effieieney.  (iorreclions  to  the  power  train 
loads  for  motor  windage  and  friction  were  provided  by  the  manufacturer. 


Vehicle  Road  Energy 

The  energy  consumption  per  unit  distance  as  a  function  of  speed  was  determined  by 
converting  the  road  load  power  from  hp  to  kW  and  dividing  bv  the  velocity.  This  is  the 
ERDA-EHV-TEP  formula: 

E  =  9.0?  x  10*  W  Mil 

\At  /  mi 


Where -  =  a  in  mi/lrs. 

At 
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